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The electron paramagnetic resonance (EPR) 
technique has proved to be a powerful tool to study the 
magnetism at microscopic level and yields useful information 
about the interactions that effect the magnetic state of 
matter. The site symmetry of impurity ions in the host 
lattice and its associated lattice defects, symmetry and 
strength of crystal field at the site of magnetic ion are 
some of the studies undertaken in solids using EPR techniques. 
This thesis describes the result of investigations on EPR 
of (lTH 4 ) 2 C 2 0^.H 2 0;Mn 2+ ? KH 2 P0 4 .*V0 2+ and T1A1( S0 4 ) 2 » 12H 2 0 sCr 3+ . 

The Chapter 1 deals with a brief introduction 
to the phenomenon of electron paramagnetic resonance and its 
application to a variety of physical and chemical problems. 
Some of the special features of EPR spectra has also been 
given. 

The Chapter 2 describes the basic theory of 
EPR and other details required for the analysis of the systems 
studied. 

The Chapter 3 describes the EPR study of 

2 + 

Mn ion in diammonium oxalate monohydrate single crystals. 

Two magnetically different otherwise, similar centres 
(related by screw diads) are found corresponding to the 
ammonium ion sites in the unit cell. The Z-axes of two 



xiii 


centres are found in the ab plane of crystal lattice. 

The angular separation between two Z- axes is found to be 
60 . The EPR study indicates that an Mn ion substitutes 
ion and gets associated with a vacancy at the first 
neighbour EH^ + ion sites in the ab plane. 

The Chapter 4 deals with the EPR study of 

2 + 

"VO ion in the single crystals of potassium dihydrogen 

orthophosphate. This study revealed the stabilization of 

two types of vanadium complexes in KE^PO^ lattice. The 

predominant complex, in terms of large intensity, is 

attributed to V0 2+ ion entering interstitially and complexin 

with four oxygens belonging to four neighbouring phosphate 

groups, to form a nearly square pyramidal complex such as 

one found in vanadyl acetyl acetone. The absence of any 

proton structure suggests that the removal of hydrogen 

cation is the mode of charge compensation. There seems to 

be magnetically four inequivalent but symmetry related 

positions for the formation of such a complex. Pour pairs 

of Z-axes of formation of these complexes lie in the ac 

o 

plane making 20 with c-axis. All these centres become 
equivalent along c-axis. Apart from this the EPR study 
reveals the ordered intercrystallization of [VC^H^O)^ ]^ + 
complex in EHijPO^ lattice. 



xiv 


The Chapter 5 describes the EPR study of 
3+ 

Cr^ doped thallium alum single crystals. The impurity ion 

3 + 

seems to have replaced A1 ions in the host lattice of 

alum. Four directionally different, otherwise, similar 

magnetic centres were observed. The costal field about 
3+ 

Cr ion in other alkali alums together with the present 
work indicates that the size of monovalent cations probably 
affect the atoms at trigonal sites and this seems respon- 
sible for the trigonal distortion of crystal field at the 
3+ 

Cr ion site in the lattice. 



CHAPTER I 


IiTOEOLJOTICM 


Electron paramagnetic resonance (EPR) 
discovered by Zavoishy in 1944, is the phenomenon of 
resonant absorption of n icrowave radiation among the 
Zeeman components of the electronic ground state of a 
paramagnetic species. This technique gives precise 
information about the magnetism of the electronic ground 
state of a system, the only requirement being that the 
system under study should be paramagnetic. Paramagnetism 
occurs wherever a system of charges has a resultant non- 
zero angular momentum. Therefore, when one tries to 
understand the magnetism of a S 3 ? - stem at the microscopic 
level, he ends up with studyin , the properties of angular 
momentum, both of spin and orbit, in the electronic ground 
state. This in turn gives valuable information regarding 
the way a paramagnetic ion interacts with its surroundings . 
Transition metal ions and rare earth ions, because of their 
incomplete d and f electron shells respectively, are 
good candidates for these studies and have been the subject 
of a number of very fruitful investigations. 

The principle of EPR in its simplest form 


is as follows. Consider a free atom having orbital and 
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spin angular momenta E and S respectively resulting 
in a total electronic angular momentum = Xi + S’. The 
magnetic dipole moment associated niith the atom is 
p -- g|3J where p is the Bohr magneton and g is lande‘s 
factor given hy the expression 

g = ! + „JL J iU±sls+U~iCij±U 

2J( J+l) 

under L-S coupling. In the presence of a magnetic field 
of strength inadequate to decouple the orbital angular 
momentum from the spin, the atom may 'ooss°ss any of the 
discrete set of energies B given by E = -p’H 

or B = -gpMjH 

where rij ’ 3 are magnetic quantum numbers having integral 
values from -J to +J. The splitting oi. the energy levels 
is determined by Lande’s g~factor, the separation between 
two consecutive states being equal to g^H. If the 
system is subjected to a microwave radiation field of 
frequency v such that hv = gjiH, an absorption of energy 
will take place following the selection rule Aiij = +1. 

When the paramagnetic ion is doped in a 
crystal lattice, the paramagnetic resonance spectrum 
would be different from that of the free ion. In solids. 
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there are strong interactions between the paramagnetic 
ion me 1 its immediate diamagnetic neighbours, and the 
orbital angular momentum gets partially or fully quenched. 

In such a situation the spe otf oscopi-h 'Splitting f ac t or g 
need, not be isotropic. This is because part of the magnetic 
moment arising from the orbital motion of the electrons 
is modified by the crystalline electric field arid the 
magnitude of the orbital contribution to the g- value is 
usually different in dif Cerent directions and snows an 
angular variation which follows the symmetry of the crystal 
field. The total g- value (spin plus orbit) may then be 
anisotropic by an amount that depends on the magnitude 
of the orbital contribution to the magnetic moment and on 
the asymmetry in the crystal field. Tor all the cases, 
an anisotropic g- value can be represented by three 
principal values, g., , g__ and g_ in a principal axis 

Ay Z 

system i.e., in which g = g = g = 0. 

In a direction having the direction cosines 
with respect to x,y,z axes, the g- value is 


(.2 2 2 2 , 2 2 \l/2 

U g x + m g y + n g z ) 


(£ , m, n) 
given by 
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When once the resonance condition viz. , 
hv = g|3H is achieved there are other factors which control 
bhe continuous absorption of energy by the magnetic system. 

The population in the Zeeman components obeys Boltzmann 
distribution, and at any given temperature the lower level 
will be more populated than the upper one. When the 
resonance absorption occurs there will be a tendency to 
equalise the populations, and unless there are mechanisms 
which maintain the population difference continuously, 
paramagnetic resonance absorption ceases to oe significant. 
Such mechanises are called relaxation processes in which 
lattice plays a significant role. It acts like a huge 
reservoir with which the magnetic system changes energy 
with a characteristic tine, usually represented as T^, 
called Spin-lattice relaxation time. This is a charac- 
teristic of a given magnetic ion in a latt'ce at a 
particular te peratwre and normally it increases with decrease 
of temperature. 

The spin- latcice relaxation this contributes 
to the width of an EPR line. Another frequent case ox 
line broadening occurs due bo high concentration of 
paramagnetic ions in solids. This arises due to dipole- 
dipole interaction and it can be considerably reduced by 
diluting a paramagnetic salt with an isomorphic dia- 
magnetic substance. 
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EXPERIMENTAL OBSERVAIIOP 01' EPR 

The manifest at ion of magnetic resonance 
absorption is normally observed by defecting the magneti- 
zation of the spin system due to the alternating magnetic 
field H^(t). There will ce two components of that 
magnetization, usually represented by the corresponding 
susceptibility X , one in phase with. (t); , and 

the other 90° out of phase with iR ( t ) • X° f X' and X'' are 
related by Zramers-Rronig equations and they give dispersion 
and absorption of energy by the spin-system respectively. 

The experimentally observed quantity in the absorption 
mode is dX^/dil as a function of H. In the present 
investigations, a Varian EPR spectrometer ¥- 4502 , operating 
at X-band frequencies (9-10 GHz) has been used. 

SPECIAL FEATURES OF EPR SPECTRA 

a. Fine Struct ure 

In paramagnetic systems, which form part of 
a solid or a complex, where the ground state is an orbital 
singlet with spin multiplicity greater thp.n two (i.e., S ^ 1) 
very often there are initial splittings of the ground 
state multiplet even in the absence of magnetic field. 

The most important cause of these splittings is the Stark 
effect resulting from asymmetrical crystalline fields 
together with the spin- orbit interaction which mixes the 
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ground state vatu the escitec sta'ce. Wherever, there 
are zero field splittings of the ground state uultiplet, 
the Zeeman coai~.on.enss cease to be e quail; spaced and 
all the resonant trail > it ion ( A II = +l) c'c net occur at 
the sane energy one t .esc will be 2S veil separatee' brans 
tions. This is caller’ the ’fine h'cruct re 1 ol the 


1 


paramagnetic resonance spectrum. The 
separations /give valuable quantitative i 


fine structure 
r£ omani on shout 


the crystal field interactions and will bo discussed in 


detail in tne next chapter. 

b • Hyp erf i ne Str ucture 

Whenever one nucleus of a par' ’mu uietic ion 
has sr>in I. there will ho a magnetic interaction of the 
type I. A. 3 between one electron and the nucleus and each 
fine structure energy .level splits into (21 + l) levels. 
The r.f. field which causes electronic ’o'oin-f lip 1 does 
not cause simultaneous nuclear spin transitions in the 
first order. The selection rules therefore are 


Ah =4-1, Am-r = 0 

s ~ ? x 

c . Sup er -Hyp erf ine 3 true t are 

'This results from hyperfine interaction 
between the metal electron and the neighbour in;; ligands 
and nuclei. This gives quantitative information about 
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tlie delocalization of electron over the ligands. 'This is 
among tne most elegant contrib unions ox SPR towards 
understanding the nature of chemica.1 bond. 

Over the laot two decades , EPR has been most 

successfully used for a variety of problems in physics and 

chemistry evolving from technique-oriented to problem- 

oriented research. EPA together with optical and thermal 

studies contributed substantially towards a clearer 

understanding of formation and structure of colour centres 

in solids. Its most recent contribution to the medical 

sciences is the identification of a malignant tumour which 

may at a future date, lead to a clearer und ersta.no ing of the 

cause of cancer. A electron paramagnetic resonance of 3d 

transition metal ions has been quite well understood and 

therefore the^'e ions serve as excellent candidates to 

probe the crystal fields. A'>ong 3d transition ions 

V^ + ( 3d^), Cr^ + (3d^), Mn^ + (3d^) and Cu“ H (3d'') can be most . 

effectively used as their APR can be observed over a wide 

temperature range including room temperature. The present 
2 + 

study deals with tne stucb’- of AB^PG^ using 70 as probe, 

h^Q using An~ 1 as a probe and TlAl( SO^^.ISH^O 

3+ 2+ 

using Or as a probe. The study on 70 sKB^PO^ 

revealed for the first time about the functioning of 
2 + 

ICE^PO^ lattice in helping the stablization of certain VO 
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coLipleros. The TT ork on ( ) 2 ^2® s' "-^p^ 'the first 

investigation of this lattice osing •■'arana-pietie ions a 
probes. The vorh on Jr^' + : T1A1 ( SO^, ) p . has been 

t i';en up as a part of Lie aorh coil" earli.r in this 
lab 0; at or tc uin'erstanf the effect of transition 


lrapiu 


; >e different 


'odnication 


'further details re;ardin-\ the subject can 
be obtained fro". a li- t o. general references given at 
tlie end of this chapter. 
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CHAPTER 2 


THEORY 


ABSTRACT 


General Hamiltonian for a paramignetic ion 

in a crystalline field is described. Crystal-field 

splitting of the ground state of the paramagnetic ion has 

S+ 

been elaborated taking the example of Cr ion in a, 
crystalline Yield of octahedral symmetry. The effect of 
spin-orbit coupling on the g-factor is described. A 
short description of the spin Hamiltonian is given. A 
brief sjzmmary of the mechanism of zero field splitting of 
an S-state ion in the host lattice is described. An 
anomalous hyperfine splitting of S-state ion is explained. 
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The Hui.,iltonien for a paramagnetic ion in a 

1 


solid may be expressed 1 as 

# = x~ + +«5;* +..h; + H rr + H 


+ H-, 


( 2 . 1 > 


"E r %iS ’’"'“SI “Q 1 “\T ^SH ^ iJ TH 
The terms occuring in che above expression 
have the following meaning. 

1. Kg stands for the sun total of the hineiic energj?- of 
elec crons, their potential energy in the nuclear field and 
electrostatic potential energy due to electron repulsion, 
mathematically it can he expressed a'- oeloxh 


, p i 

%= 1 <2T 

1 


— ) + z -a- 

r i r id 


( 2 , 2 ) 


Here represents the uiggnitude of linear 

momentum of ibh electron of mass m and charge e, r^, the 

distance of the electron i from the nucleus of atomic 

number Z, and r. the distance between electrons i and 

j. The contribution to I e energy from this term is of 

5 — 1 

the order of 10 cm 

2. The term gives she snin-orbit coupling and it 

can be written as 


H 1S 



j 


E 

i» 3 


(2.3) 
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viler e Z ■ and s. represent orbital and spin angular 
i J 

momenta of electron i and electron j respectively. The 
above expression can, however, be expressed in a simple 
f orm 





and S 
terms 



derived 


of free 
form the 


ion so long as we consider only 
ground state defined by equation 


(2.2). The interaction energy is generally ol the order 
of 10 2 to 10 5 cm'” 1 . 


3- represents the interaction of electronic spin (8) 

and nuclear spin (I) which can be expressed an The 

tensor A, known as hyperfine interaction tensor, may be 
isotropic or anis otronic. The isotropic hyperfine 
interaction is attributed to Per mi contact which has non- 
vanishinj, contribution for electronic wave L unction having 
a finite value at the nucleus. The expression of this 
interaction is given by 



where (0) is the wave function at the nucleus and 
suffix N refers to the nucleus. The anisotropic contri- 
bution to the hyperfine interaction arises due to spin- 
spin interaction. If phj and represent the magnetic 
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dipole moments correspond' ing to the no cl ear and electronic 
angular momenta respectively, the classical expression for 
the dipole interaction energy is given by 


u 


v _ 

33 


e-Hi, 

13 


3(p e ’r) (i-ij.r; 


(2.4) 


lor a quantum mechanical system, the magnetic 
moment must be replaced by the corresponding operator. 
Thus 


II = -pv't 6 f — „ .2 . Ca-Jv >.1)2 ] (2 5) 

dip L r 3 r 5 J 

The total hyperfme interaction energy 
(isotropic and anisotropic) can be written as o.A.'t where 


A = 4 1 + A', where 1 is me unit tensor, 

~ o 


.'his interaction 


gives rise to hyperfine levels. The separation of hyperfine 

~2 — 1 

levels is of tiie order of 10 cm ". 

4. stands for nuclear quadruncle interaction and it 

can be written as I. I. The components of quadrupole 

tensor Q. . are proportional to second order derivative 
10 


components 


V. . 
10 


3 _V/ x. x. of eO.ectrostatic potential 

ci 10 

V. In the principal axis system Q ' * may be expressed 
as 


9 


__ „eQ 

21 ( 1 - 1 ) 


\T, 


xx 


0 




yy 


. o 


V. 


zz 


( 2 . 6 ) 
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The quadrupole interaction energy for axial symmetry is 
given by 

-> -*■ evJV o 

I.Q.I = : — [3M t 2 - I(I+1)J (2.7) 

41(1-1) 

This interaction term shifts the hy per fine level by a 
small amount I0''^ r cm""^. 

5. term describes the crystal field interaction and 
may be represented by 

% = EeJ(r.) (2.3) 

i 

where V(r^) is the crystal field potential at the location 
of electron i. 

6. The last two terms in tne Hamilto lian represent the 
electron- Zeeman and nuclear-Zeeman interaction terms and may 
be written as 

H gH = P(L+ g e S).H (2.9) 

and = (h/2n:) 2 - (2.10) 

where y^ is tie magnet ogyric ratio of the ith nucleus. 

The contribution of latter term is negligible ( 10~^cm""^). 



15 


In order to know the exact solution of the 
general Hamiltonian, one should solve the Schrodinger 
equation. But because it poses a formidable mathematical 
difficulty to do that, tne solutions are obtained by using 
the perturbation theory. Since the effect of crystal 
field on the state of transition metal ions of iron group 
is very large, it is dealt with separately. 

CRYSTAL YIELD SPLITTING- 

The magnetic ion in a crystalline solid 
is subjected to a stark field. This field is due to 
electronic and nuclei charges of neighbouring ions. In the 
crystal field approximation, the sources of stark field are 
regarded as point charges or dipoles located at the centres 
of corresponding charges (ligands). These surrounding 
ions have some symmetry about the metal ion. Depending 
on the symmetry of the field, the degeneracy of ground 

state of the magnetic ions is lifted completely or partly. 

2 

The symmetry considerations have led Bethe to find a 
qualitative solutions for the splitting of degenerate 
electronic states with the help of group theory. How the 
symmetry of crystalline field removes the degeneracy of 
on electronic state can, however, be visualized in the 
following manner. 
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let us consider, for example, eVi electron 

of o, paramagnetic ion in its ! d ! orbital, let the ion be 

located in an octaliedral crystalline field, obtained by a 

set of six equal and identical point charges situated at 

equal distances on X, Y, and Z-axes of a Cartesian coordinate 

system from its origin where the seat of paramagnetic ion 

is taken. Out of the five d oruitals d_,_, d_ r „ and d v _ 

-y xa 

are located in similar environments of crystal field and 
therefore correspond to equal energy. The orbital A.^2__^2 
with its area of maximum charge density lying nearest to 
the charges on Z and X- ar.es corresponds to higher electro- 
static energy as compared to 'eL. ,, > and -d' ^ orbital. 

2 u 

Similarly the energy of '& z orbital is greater than that of 
or . d x „z The energy of d v 2 2 and d z 2 orbitals 
comes out to be same though it is not so apparent here. 
Therefore it is oeen frou the S'/nur-try consideration that the 
degeneracy of d-orbital electron in a crystalline field of 
octahedral symmetry is partly lifted, Ve get a low lying 
triplet state and a higher ly.in_. doubly degenerate state. 

The degeneracy of tie ground level can 
also be lifted due to Jahn Teller efCect. This states 
that a non-linear molecule with the degenerate ground 
state is unstable and it distorts in such a way that the 
ground state becomes non-degenerate. 
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There is another important theorem which 
deals with the restriction on degeneracy which can >e 
removed by an electrostatic field. This is known as 
■framers Theorem. This states tnat the degeneracy of any 
level of a system with an odd number of electrons cannot 
be reduced below two-fold by a purely electrostatic field. 

The degeneracy of such a system can only be removed by a 
magnetic field. For the understanding of crystal field 
splitting quantitatively, let us consider a paramagnetic 
ion situated at r near the origin of a. coordinate system, 
let the radius vector B. . represents the location of a 
discrete point charge q. constituting the ligands. The 
potential due to point charge q. at the position occupied 
by a magnetic ion is giver by 

v = ..dj— (2-11) 

j ll.-rl 

t) 

The potential due to all the surroundin'; li rands will 
therefore be 

7 = Zv. = E — .ii (2.12) 

2 ^ 2 I *r| 

where the index j sums over all the surrounding ligands. 
Sometimes it is convenient to express the potential in 
rectangular coordinates. For example, when the symmetry 
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of the crystalline field is octahedral the potential at 
a point h''7in j coordinates (x, y, z) due to negative points 
charges q's located at distance + d from the origin on 
ii, Y and Z-axes is -given"' by 

f(x,y,z) = 6q/d + (351/Ad 3 ) [x 4 +y 4 -i-z 4 ~(3/5)r 4 ] (2.13) 


Here the series is terminated at terms containing only 
the fourth power of r, as contribution from higher 'order 
terms would be zero for ’ d ' electron with which the work 
in this thesis is Concerned. 


If the charges located on Z-axis are slightly 
displaced away from the origin by a distance e • as in 
Fi ;» 2.1, the symmetry of crystalline field becomes tetragonal, 
how t:ie potential due to this is given by 


V.(x,y,z) = A, [(3z 2 -r 2 )+(l/d 2 )(35z 4 /3 ~ 10r 2 z 2 + r 4 )] 


+ [x 4 +y 4 +z 4 - (3/5)r 4 ] 


(2.14) 


where A^ = - 3le/4 and = 35q/4d"’. It is assumed 
that e « d. here the co-efficient gives the 

amount of tetragonal distortion present on the octohedral 
field. 



z 


I 

I 



Fig. 2.1 Schematic representation of a para 
magnetic ion located at octa- 
hedral/tetragonally disorted octa- 
hedral site. 
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The modification in tie energy of d~electrons 
produced by the crystal Held can be computed by matrix 
elements of the type J, i'i J 9 . In this 

expression represents potential energy operator and 

J, fi. refer to total angular momentum and its projection 

J 

on the quantization axis. For the purpose of computing the 

contribution of crystal Held to energy’s the function x, y 

and z in the crystal field operator may be replaced by the 

angular momentum operators J , J and J , based, on 

x' y z 

Stevenson Theorem which states that for a set ol eigen 
2 

functions of J and J z all having the same eigen value J* 

tne matrix element of x and J , y and J and z and J are 

x ? y y z 

respectively proportional to one another. 

In the transformation uoncommuting property 
of the operators is to taken into account. The operator 
equivalents of some functions are given in the table 
below 2 


Function 

Operator equivalents 

x n ,y n , z 11 

(3 x ) n , (d y ) n , ( 3 2 ) n 

2 

r 

J (J +1) 

2 2 
x z 

(l/SHSJ.V* 3 J «V- 2J * Z 

+ JJ 2 - 2j 2 ] 

^ y °z J 

r 4 

J 2 (J+l) 2 -(l/3) j(j+i) 



21 


, A 4 4 

Tlie operator equivalent ox' p^ (x + v + z - 
(3/5) r 4 ) is thus 

-y§~ C35J Z 4 ~ 3t-J(J+l)J z 2 + 25<3 z 2 - 6J(J+l) 

n (2.15) 

+ 3J 2 (J+l) 2 ] + ~yr~ (J + 4 + J_ 4 ) 

2 2 

and the operator equivalent for A., (3z _ ~ r ) is 

[3J Z 2 - J(J+1)] (2.16) 

where |3 j- cc^ are constants. The above expressions 
are true for weak field case. for ions in the crystal 
field of intermediate strength J ? s are replaced by Ids. 

Thus j 

H oct = “[35\ 4 “ 30 i(i+l)l z 2 + 25L a 2 - 

— 6Jj(L+ 1) + 3^^ (Xrhl)^] + ( Jj ’ Jj ) (2. 17) 

g ' *** 

H tet= hot + “t [ 31 z 2 - < 2 - la > 
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The matrix elements o . an F- state 
crystalline field of octahedral symmetry are 


ion in a 

3 

given below s 


\l3> |2> |l> |0> | -1> |~2 > | -3> 


I 3> (3/10) a (V'l5/lO)i5i 

1 2 > (-7/10) A A/2 

ll> A/10 (\T15/10 )a 

|0> 3A/5 

1-1> (V 15/10) A A/10 

J ™2 > A/2 (-7/10) A 

i ~3 > 0/ r 15/lO)A (3/10) a 


The secuLa.. determinant can be arranged into 
diagonal blocks, which on diagonalization separately give 

V( T-, ) = (3/5)A (Triply degenerate) 

UCT^^,) = (-1/5 )A (Triply degenerate) 

fUp,,) = (-6/5) A (Singlet) 

Here A = 30^3 , and T, . T~ and A~ denotes the 

lg J 2g 2g 

species the levels belongs to, under the octahedral 
symmetry group. This splitting is shorn in Pig. 2.2. 
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SPIiT-OilBIT COUPLING 

The effect of crystalline field is to remove 

partly or completely the orbital degeneracy of the ground 

state of a magnetic ion. Hhen the orbital degeneracy is 

lifted completely, the orbital angu.l~r momentum of the ion 

is paid to be quenched. This tendency of crystal field is 

is opposed by spin-orbit couplin which interacting with some 

of the excited states, tries to min some orbital angular 

momenta to the ground state. The amount of admixture of a 

state into the ground state, however, depends inverseljr upon 

its separation from the ground state level. The result of 

this admixture is to deviate the value of effective * g* 

factor from the.t of the free spin of electron. The 

Hamiltonian for a free atom having spin-orbit interaction and 

•z 

subjected to a magnetic field H is given by 

= H nag + H g0 = p£ (L + g e 3) L.S (2.19) 

The terms in the above expression stand for their usual 
meaning and g g represents g factor tor electronic spin. 

How if we assume the ground sts,te to be nondegeiierate 
orbitally and denote it by | G-, M > in the first order 

S 

3 

approximation, the energy of ground state is given by the 
diagonal term and is therefore 
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E 


; & (1) = <G- ? a s l i3H z (L 2 + s s & ) + x(L.s)|G,M s >) 


z ' z 


( 2 . 20 ) 


•where the quantization axis is taxen as the z axis, 
Rearranjinj, we have 

= <G, Jl j pH 5 S J G-, M > + <G,M I 
'j s z e z s s 1 


I ( + Xb z ) x a | G, M 


'i > 


The first term in equation (2*20) is the spin only Zeeman 
energy* The second term in this equation, can he written^ 
as 


<« s l (t)H z + XS z )|M z » <G|L Z |&> 


Since the expectation value of X z is zero this term 
vanishes . 

3 

The second order contribution in the Hamiltonian 

matrix is 


H’ 


M ,a» 

s’ s 


1<MI -Jim S)-L+g 8H-S|n,M’>| 2 

Z ’ — ' ® - ” ~ - - - S -(2.21) 


n 


( 0 ) -r, ( 0 ) 


n 


Here l' implies summation over all values of n 
excepting n = G-. 
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The matrix element from tiie second term in 
equation (2.2l) will be zero since <G- j n> = 0 -while 
the first term yields 


H ' . 


JL A <L + 

3 * s 


= -Z 1 [ 

•n 


<M | ( pH+ S ) - <a|I|n> <n|L|G> 
s 




n 


(S 


(pH + S) M/- ] 


Since the outer product of two matrix elements yields 
a second rank tensor, we can define 



where suffixes i, j stand for x, y or z. 
E enc e 


H 




[ < li 1 (pH + X o ) • a - (pH + 


X3) El ' \] 

O " 


. 22 ) 


= < M |p 2 H* A • H +X 2 S* A • S + 2 $ E • A *I|M> 

s ~ s 


(2.23) 
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The first term on R.H.S. of equation of 
(2.23) gives temperature independent paramagnetism and is 
neglected"*. Taking into account the energy term from 

3 

the first order, the resulting Hamiltonian can he written - ' 
as 

H = j3fi*g *S +X 2 S • A .5 4- 2)3 XH* A -S 

S 0 

= pH (g *J + 2XA )-S + X 2 S- A-S 

^ ^ 

= plt-g:S + S • D*S (2.24) 

Here I is the unit tensor, g = g I + 2xA and 

2 ^ 

D = x *A *S is an operator which corresponds to the 

effective spin. The value of the effective spin S is 

determined by equating the total number of components of the 

ground state which are responsible for par am Lgnetic 

resonance aosor/cioi to 2S+1. The effective spin is used 

in the calculation of the constants in the soin-Hamiltonian 

& 5 

developed by Pryce ' and Abragam and Pryce for transition 
metal ions of the group. Por an orb it ally singlet state 
the splitting of so in degeneracy is small and effective 
spin is taken as eqial to the actual spin. It is obvious 
that if X = 0, the tensor g should be isotropic with the 
value 2.00232. Any deviation from this' value involves 
contribution from the tensor A which is nothing but the 
contribution froxa the excited state. 
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3 

Tne spin-spin interaction is also represented 
"by S**D*S- which is effective for S ^ 1 and thus it is 
not possible to separate it from the analogous term in 
equation (2.24). The expression 3.D. 3. can be put in an 
alternative form as shown - ' below 


S-D-S = 


^xx'^x + D yy S y + D zz S z 


in the principal axis system. It can be arranged as 


= DCS 2 - (1/3) S(S+1) j + E(S„ 2 - S 2 ) + 

" y 

-(1/3)[(D XX + B yy + D zz ) S(S+D] 

Hez-e D = D zz - (I> xx + B yy )/2, and 3 = (B^- B yy )/2 


D is a traceless tensor making D1 + D *+ D =.0. It is 
~ xx . yy zz 

seen that for axial symmetry, S = 0, and for cubic symmetry 
D = 0 also. However, in the case of cubic symmetry there 
will be fourth order terms, which are normally very small 
in the cases of strong axial symmetry, to male the 
Hamiltonian invariant under cubic point group. Therefore, 


taking the h.f. interactions into account, the 

rz 

Hamiltonian can be written as - ^ 


total 
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#= ?<«A 3 x + Sy H y S y + *A S a > + D[S z 2 -(l/3)S(S + l) 

+ £KS X 2 - S y 2 ) + (a/6)[S x 4 + S y 4 + S z 4 - (l/5)s(s+l) 

• (3S 2 + 3S - 1 )] + (F/l80)[35S 4 - 30S(S+l)S 2 

z z 

+ 25S Z 2 - 6S(S+1) + 3S 2 (S+1) 2 ] + A Z I Z S Z + A^S^. 

+ A y I y S y + O'tl/ -(1/3) 1(1+1)] + Q“(I X 2 - I y 2 ) 

Here a and F are fine structure constants, Q* = 

3Q zz /2, Q" = (V Qy y )/2 and A^ A y and A 2 aie 
principal values of hyperfine tensor. 

ZERO-FIELD SPLITTING OP S STATU IONS 

2+ S 6 

The ground state of Mn ion is 3d ^5/2* 

Since the e3.ectronic charge distribution of the S-state is 

spherically symmetric, the crystal field will not split this 

state. Further, since the total orbital angular momentum 

1=0, the spin-orbit coupling will not, to a first order, 

split its six fold spin degeneracy. The zero field 

splitting of this state, however, is known since long. 

2 

The group theoretical treatment of Lethe indicates that 
this state with J = 5/2 gets split even in a cubic 
field, into two components- a doubly nfege-nerate and a tjuartely 
degenerate. A further distortion of this field can cause 
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the splitting of quartet into two doublets. Thus in a 
field oC axial symmetry or lower symmetry, '• ' ' 
zero field splitting gives three Kramer's doublets. The 
degeneracy of t;je c '.e levels is lifted in the presence of 
magnetic field as shown in Pig. 2.3. 

The mechanism or zero field splitting of S 

state ion in crystalline environment has been studied by 

several workers. The origin of splitting of this state 

7 

was first discussed by the Van Vleck and fenny . They 
considered higher order admixtures involvin spin orbit 

3 

coupling. The mechanisms proposed by Pryce involves 

4 

spin-spin interaction and admixture of state from 3d 4s 

q 

configuration. Watanabc considered spin-spin and 

5 

spin-orbit interaction between states of 3d configuration 
responsible for zero field splitting. Blume and Or bach‘d 
mechanism involves spin-orbit admixture of excited | 

fi 

into ground ^ 5/2 s "^ a ^ e ^ le axial field splitting of 
deformed cubic host. 

Wybourne^ used relativistic wave functions 
in the calculation of crystal field matrix element using 
u-S basis states for the angular part and Sartre e-i’oek 

12 

type wave functions for the radial part. Sharma et al, 
tool into account the spin-spin, and spin-orbit interaction 
together with overlap effect for calculating the magnetude 
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Fig. 2.3 A schematic energy- level diagram of Mn + ion 
showing electronic levels in zero and strong 
magnetic field together with splitting due to 
nuclear spin. Some of the typical transitions, 

are indicated by arrows. 
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and sign of the zero field splitting parameters D and E. 

13 

Srivastava proposed phonon induced crystal field effect 
for cubic field splitting of this st-,te. In general, the 
zero-field splitting is due to all effects mentioned above 
though the relative contributions are different.^ 

A pure S-state will show no hyperfine splitting 
firstly because its orbital angular momentum and therefore 
its orbital magnetic moment is zero and secondly because 
the magnetic field produced at the site of nucleus due to 
the spin of spherically distributed electronic charge around 
the nucleus, is zero. Ahragam proposed that the observed 
L.f. splitting may be due to configuration interaction of 
3s 3d 4s, The s~electron has nonvsnishing spin density 
at the nucleus and therfore may contribute to Eermi or 
context interaction. Orbitals such as p and d have 
nodal pianos par; sin ^ through nucleus end therefore have 
zero spin density. The contribution to the magnetic 
field due to electron at tie ~'itc o: nucleus may come 
through core polarization. The evo s-electrons of 3s 
orbital are couplicd elcccrostatj c&ily to 3d electrons. 

The wave functions of these two electrons differ from each 
other by an exchange term and consequent^' - they are not 
paired off completely. This may give ri°e to magnetic 
field at the nucleus. The interaction between nuclear and 
electronic magnetic field may give rise to hyperfine 
splitting. 
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CHAPTER 3 


ELECTRON PARAMAGNETIC RESONANCE OP Mn 2+ 

ION IN DIAMMOP I'UM OXALATE MONOIIY PRATE SINGLE CRYSTAL 


ABSTRACT 


p4- 

The electron paramagnetic resonance of Mn 
ion in single crystals of diammonium oxalate monohydrate 

has been investigated for the first time. This study 

2+ + 
indicates that Mn ion substitutes for NH^ ion in the 

crystal lattice and is associated with f irst neighbour 

HH^ + vacancy such that the Z-axis of the complex lies in 

a b plane. The spectrum has been fitted to a spin- 

Hamiltonian appropriate for orthorhombic symmetry. 
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INTRODUCTION 

2 + 

Tlie electron paramagnetic resonance of Mn 
ion doped in a single crystal of diammonium oxalate mono- 
hydrate [{EH^^CgO^.HgO] has heen studied at room 
temperature. No EPR study seems to have heen made on this 
crystal doped with impurity ions. However, EPR study of 
Y~ irradiated crystal has been reported'*’ and it shows the 
formation of CgC^ radical derived from ion and OH 

radical derived from the water molecule in the crystal 
lattice. 

EXPERIMENTAL PROCEDURE 

Single crystals of diammonium oxalate monoliydrate 
2+ 

doped with Mn ion were grown from the aqueous solution of 
salt containing about 1 percent of f-inClg by weight eva- 
porating the solution in a dessicator containing concentrated 
sulphuric acid at room temperature. The crystals were 
transparent and prismatic in shape with the growth axis 
along the c-axis of the crystal. This axis was confirmed 
by x-ray rotation picture taken with a Heisenberg camera. 

The crystal used for the EPR study had dimensions 0.5 x 
0.1 x 0.1 cur 5 . 

The EPR spectra were recorded with a Varian 
V-4502 EPR spectrometer. The magnetic field was produced 
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by a Varian 12 inch electromagnet and modulated at 100 
kHz. The cylindrical as well as rectangular resonant 
cavities were used. The spectra were recorded with a dual 
channel strip chart recorder. The frequency of the klystron 
was measured with Hewlett Packard frequency meter. Model 
X532 B. BPPH was used as a fie] d marker. 

CRYbfAl STRUCTURE 

The crystal structure of diammonium oxalate 
monohydrate has been studied in detail by X-ray^ and 
neutron diffraction'' techniques. The crystal belongs to 
an orthrhombic system and its space group is lP^{122^2^2 ) . 

In the ab plane of the crystal lattice, there are four 
screw diads , a set of two being x^arallel to the crystal 
a-axis and the other two to b-axis. There are four 
ammonium ions in the unit cell. 

The X-ray analysis places all atoms except 
the oxygens of water molecules in the general positions of 

*Z 

the (P2-^2^2) space group* 

xyz ' f 5 y z f x + 1/2, 1/2 ~ y, z } l/2-x,y+l/2, z 
with the folio jing parameters . ^ 
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,001 
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4 

O 
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0. 

386, 

v == 

0. 223, 

z = 

0. 

424 


The 

water 

mo" 1 

ecules 

are 

situated 

at 

0, 

1/2 


0, u with u = 0.192. The above parameters are referred to 
the unit cell dimensions 

a = 8.04 £, b = 10.27 £, c = 3.32 £ 

The structure of diammonium oxalate monohydrate projected 
on the basal plane is shown in Fig. 3.1. 

RESULTS AND DISCUSSION 

2 + 5 

The electronic configuration of i'ln is 3d 

6 

and consequently the ground state of tne free ion is S5/2” 
This state is orbitally nondegenerate bat has six-fold spin 
degeneracy. Under the action of the crystalline field of 
orthorhombic symmetry or lower symmetry, this degenerate 
state is splits into three Kramers' doublets which 
further split into six levels under a static magnetic field. 
The DPR spectrum of Mn ion in such an environment is 
expected to show five fine structure transitions and each 
of these will consist of six hyperfine components due to 
nuclear spin I = 5/2. Figures 3.2, 3.3 and 3.4 show the 



38 



AMMONIUM ION 


OXYGEN 

•'O 'CA#B8tr 

FItJ/3.1 TTO; 'S'TMCTtJEB OF (NH^C^.HgO PROJECTED 
-'01, fW'WAI* FLAME 4 aC , ' ‘ V ' ' 


OSSVeeNddQ 







3376.8G 

DPPH 



i 1 u * lb Pa t 

i 0 

u e' iln " + lu ’ 


,tr pda i. 

A ‘i’. ’ r A } I 1 r . ! : 

V* ‘ 'a ' 1 

)■! 1 -1 

, 'i’UK T'.Titit 

Vi ! *\ i jf 

PAnT ui- 

TO: .»i ) hG' 1 "fOi'A 


du P hi; w ( mi 4 ) ^0^°^ 

■' I r 1.13 Hi A» X— AX j i 
LI;. 'I- UKf.'I IP Till 
i\.v. DP- TO ThE 3h X 


4o 



AT 

b 


IT-,. 


DPPH{334E.5G) 


41 



PC t !f 














; 

f 

i > 





03 

W 

rH 

o 







HI 





? , ■> 


7> 

Pf 

t * 


CMfe 

<. * 

R 

M 

r *< 


- ^ 

o 

H‘i 



’ "i 

1 * 



■TO 

Pm 

n * 
t 

S3 

CC 

M 

M 

f -1 
'.J 


O 

M 

HI 


*~0 

£ < 



CM 

a *1 
«• % » 

tu 

* 1 1 

S. 1 


<4 


O 

CM 

< 

1 

fc 

» m 

> « 




*"■ % 

»5H 



® 


'J 


^'r 


\*> 

J*v4 
» '*« 


£-1 


-4 

if 1 * t 

c*> 

1*4 

f '* 





* * 

h ** 

EH 

t* > 

r i 

-M 

3 

E l ] 


W 

2 

r 3 

o 

~H 


r ; 

r*i 

<3 

• 

n 


* * 1 


l 1 

n 

C t 

Hs 

*>’i 

?n 

>-4 



Ki 

o 

*sj 


R 


R 

Hi 

1 


R 


r<* t 
» “Ht 




* i 


,r 7 

c 

<1 


R 

M 

«• 4 


- •. 


M'i 


9 

! 

■t; 



i 

■ 4 


M 


c 

f-4 

»— ? 

% 

IS * * 



o 

j, 


M 

n; 


O 

W 

EH 

tr* 

Hill 

"Q 

' i ' 

EH 

L*J 

>* -H 

ro 


M 


Gh 

« 

R 

PHS 


PH 


2+ 

R 

* Hi 

» 5* 

o 

$ 

P 

a 

*-4 

O 


f4 

i « 

o 


L4 

H 


& 4 
* 4 


01 

ro 


«. • l 

# 


«t 

1 1 



<34 

H 

M 

*■ * 

F 1 


iH 

P-4 

O 

S 


o 

- «JP 

H 

■ fj 

p! 

CH 

Ai 

H 


> h 



O 

O 

<tl 

EH 

S- «f 
{.,< 


no 

R 

ri 


04 

Hf 


ro 

W 


R 

PI 

£*1 

fO 

;i? 


f, i 

£-4 


V-r4 

PI 

* « 

Cm 

*43 

M 


;o 

EH 


O 

tH 

CO 

EH 

r> 


R 


$ 

r n 


< 

r * 

O 

i 1 1 

Eh 

Jp>w| 

it] 

, »i 

fH 

U H 

M 


m 

pc 

, 0 



04 

' s 


***> 

l 4 

PC 


L : t 


KJ 

oj 



JvLjj 



P*“ 

R 

Pm 

w 

R 

ro 

j 


o 

P 

W 

R 

o 


M 


R 

H 


r*3 


•* 

O 

fcH 


m 

w 

iRi a* 
if ml 

t9 

Eh 

< 


M 

t~n 

S 

M 

*n£J 

M 

jp*l 

3 




on 

■q 

CO 

CQ 

o 

&4 


# 

K\ 


* 

c!5 

M 

rxi 



42 


24 * 

Z* Xj and Tf-axes spectra respective!/ of Mn ion in 
(^ 4 ) 2 ^ 2 ^ '^ 2 ^ single crystals at room temperature. 

The Z-axis spectrum, corresponding to the maximum spread 

s 

has been obtained by rotating the crystal' in different 

planes using two-plane goniometer. Z-axus has been found 

to lie in the crystallographic ab plane. X and Y axes 

are located by studying the angular variation in the ab 

plane and in a plane obtained by making the c-axis 

5 

horizontal with the help of two plane goniometer and 
looking for the extreme separated by £0°. The angular 
variation further revealed the existejice of two identical 
Z-axis spectra at an angular separation of 60° in ab 
plane. On further rotation of the crystal in this plane 
no such spectnum was obtained till 130° part of the . 
first Z-axis spectrum appeared. The angular variation 
of the spectrum for one complex in ZX plane is shown in 
Fig. 3.5. This clearly indicates the existence of two 
physic -'.lly identical complexes which are magnetically 
inequivalent for a random direction, with their Z~axes 
separated by an angle of 60° in the ab plane. The most 
probable site which Mn ion will occupy is a substitu- 
tional position at HH^ + site. In figure 3.6, the 
positions of four ammonium ions in the unit cell are 
marked by I, II, III and IV. The ammonium ions marked 
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by I and II in fig. j.6 are related, by symmetry 
about t 'e c— axis, and so a Is o 'those marked by III and IT. 
These two set;: are not quite independent and are related 
by screw diads. II' Mn~ + occur! es a AE^" 1 " site and is 
not associated with any charge compensating defects the 
spectrum essentially should reflect the symmetry of the 


crystal with c-axio (0 2 ) as the Z-ans. However, this 
has not been the case. The observation of a complex 
bavin.,, two possible orientations such that the corres- 
pond in ; 2r-axes are separated by about 60° in the ab 

2-f- 

plane is consistent with the following, model, fin 

occupies the IIH + ion sites I (or H) and is associated 

4 

with a first neighbour cation vacancy at 11^. A 

2 + 

syumotr'-' related c on 1 ‘ i gur a t i on of such a fin - vacancy 

2 + 

compler will be fin at III associated with a vacancy 
it I^g* Ibis is illustro.ted in Tig. 3.7 This results 
in two magnetically inequivalent complexes uaving Z— axes 
separated by SO 0 in the ab plane. A sir.n3.ar model with 
second neighbour cation vacancies either in ab plane or 
out of ab plane does not result in the observed behaviour 
and hence it has not been considered. 





I'i. 3.7 PROJECTION OF AMMONIUM IO!iS 17 Tll£*al> PLANE SHOWING- 

FOUR ADJOI.UNG UNIT SELLS OF DI AMMONIUM OX ALA I b MQJOLIM 
JliALiiL EX f'JCJS RLPAKSEUT lUKS tioOW THE PL A L OF V:iE 

PAPER A: It- IMSliAMJ) UtJPU KK PRESENT THOSE BELOW THE PLATE 


OP TrlE PAPER, A TWO POSSIBLE Mn* 


V AO AHOY PAIRS I'i T *0 


ADJOINING UNIT UKLL3 ARE SHOWN. bln** 13 Ilf THE SUBSTI- 
TUTIONAL POSITION, E STANDS FOR 7 AO AHOY OP NII^ ION, 
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Thx Z-, I- an ci E-axes spectra of lin. 


2 + 


ion 


(S 
A A 


5/2, I = 5/2) corresponding to transitions 

+1, Anij = 0 were icafLysed using the spin- Hamiltonian'' 


7 t = Pg z E z S z H- Pg x h x S x + PgyEySy 

+ D[S Z -(l/3)S(S+l)] + E(3 2 _ s 2) 

I* 

+ A SI + A SI + A 3 I 
z z z x x 20 y y y 


The suffixes x, y and z represent cor css ponding components 

along principal axes. In case of 1 and E << Zeeman term 

and B <<: D, the terms upto third order as given by Chambers 
5 

et al were found sufficient for this system. The 
resonance magnetic fields for different transitions for 


the magnetic field along Z-direction od the crystalline 

r 

field are ptven 0 below; 

(a) lice Structure it a’ is 1 cions. 


H(f 


H( 


J \f\ 


, - T - £ 2 .,DB 2 . 36D 2 B 2 . 28E 4 

- + 5 / 2 ++ + p/2;=H o + 41H-4 g”-+6"2™+ ^ 

o H H H 

00 o 

± 3/2** ± l/W 2D + 30« 2 + mfe 2 


o 

T,. -4- 

5. ill 

4 h 3 


and H(M = + 1/2++ - l/2)= H Q - f 8 - + 


Ii £ 


o. ? 


o 


72B-A 


H 


+ 


5.6S 


4 


H- 


o 


(3.1) 
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■When the magnetic field is along the X-or 

7 

the Y-axis, the above equations are modified by replacing 
I) by l/2 (3E - D), and Eby (l/2) (D + E) for H along 
X-axis } and D by -l/2 (h + 3E) and E by l/2 (D-E) for 
H -along Y-axis. 

In evaluating the spin- Hamiltonian parameters 

from the Z-axis spectra four fine structure positions have 

been used. The position of the central (+ l/2 -*-*■ - l/2) 

transition could not be accurately determined due to 

overlap of other lines from the second site. The values 

of II were approximately calculated from the expressions 
o 

for extreme fine structure positions H 1 and H,_, and also 
the next Ii 2 and H^, neglecting higher order terms in 
these expressions. A rough estimate of E was made by 
averaging its value obtained from the differences of H 1 
and E and H 2 and H^ ? neglecting higher order terms in 
these expressions. 
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The value of J) obtained from the Z~axis 
spectrum was further more accurately calculated taking 
into account the contribution frou higher order terms 
using average value of E of X~ and Y-axis spectra. The 
value of 3 could not bo estimated from the Z-axis 
spectrum since mere is ro linear term in E and contribution 

77,2 

from the #- rerm if very small. The values of (D+3E) 
from the Y~ahis spectrum was first estimated roughly by 
talcing the difference of and H,_ and and 

( I) -E ) from the liy The equation (5.1) were used to 
estimate D and E. ’further refinement was made by taking 
into account the contribution from higher order terms in 
the transformed expression for Y-axis spectrum. A 
similar procedure was adopted to get me refined values of 
D and Eh from the X-axis spectrum the values of H Q were 
obtained by adding Ej. and 11^ and taking into account 

the contributions from higher order terms involving b 
and £. The spm-llamiltonian parameters calculated xrom 
the X, Y and Z axis spectra, are given in Table 3.1. The 
consistency of the parameters obtained is satisfactory. 
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2 + 

Ta ble 3 .1. The spin Hamiltonian parameters for Mil 
doped in .E^O 



Z 

Y 

X 

D(cm~ 1 ) 

513xlO“ 4 

511xl0" 4 

511x10“' 

B( era- 1 ) 

+ 

3 7x10“ 4 

32 x 10 “' 

8 

2.0069 

2.0099 

2.007 

A (cm™ 1 ) 

3 2x10™ 4 

8 4x10™ 4 

87x10“ 


+ The value of E from Z~axis spectrum could not be 

r 2 

caD.culated due to small value of "*|j” tern. B does not 

o 

appear in linear form in the expressions for 
structure transitions, AM = ± 1° 


Z~axis fine 
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CHAPTER 4 


ELECTRON PARAMAGNETIC RESONANCE STUDY 
op vo 2+ if hh 2 po 4 SINGLE CRYSTAL 


ABSTRACT 

The electron paramagnetic resonance of 

2 + 

VO ion in KI^PO^ single crystal at room temperature has 
been studied. The EPR results suggeste the formation of 
two vanadyl complexes in E^PO^ lattice. One of the these 
complexes seems to be the well known [VQ(H 2 0)^] which 
probably has been trapped in an orderly way in the crystal 

2 JL. 

lattice. For the other centre, VO ion seems to have 
entered the lattice interstitially resulting in the formation 
of a square bipyramidal type of vanadium. 
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INTRODUCTION 

2 + 

The electron paramagnetic resonance of VO 

ion has been observed in distorted octahedral environments 

1 2 

of hexahydrate complexes, the exf^mples being alkali alums * 

g 

and Tutton salts." In alums trivalent cations are surrounded 

by nearly regular octahedra of water molecules where as 

in Tutton salts, the divalent cations have such octahedral 

1 2 

surroundings. On doping the alums } with vanadyl salts, 
V0 2+ substitutes for trivalent cations in alums and forms 
a complex [VCKE^O)^] replacing one water molecule by 
oxygen of V-0. V0 2+ ion entering in TiO^ and G-eO^ 

lattices is surrounded by a distorted octahedron of oxygens. 
Banerjee^ a carried out preliminary work in this laboratory 
a few years ago on the EPS of V0 2+ in Potassium dihydrogen 
phosphate ( 1CDP ) single crystal, >, but no definite progress 
could be made in understanding the system at that time. A 
detailed study has now revealed the existence of two types 
of vanadium complexes in KDP crystals and the present 
chapter deals with the results obtained in this connection. 

CRYSTAL STRUCTURE 

Potassium dihydrogen phosphate belongs to a 
tetragonal system at room temperature and its space group 
is i)12 __ 2d. There are four molecules of KHgPO^ in 

its unit cell. In the ferroelectric phase (Curie temp. 
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- 123°E) the crystal belongs to an orthorhombic 
IQ 

system of class PcLd. The crystal structure was 

7 

first studied by iest' using h~ray techniques. The 
dimensions of the unit in the tetragonal phase determined 
more accurately by (Tbbelhode and Wood war are as 
f oil ows ; 


a = b = 7.434 c = 6.954 £ 

The atomic coordinates in the unit cell are given in the 
table 4.1. 

Ta ble 4.1 . Positions of atoms in the unit cell of 
uII 2 PO^ 

lattice points Coordinates 

4(P) 0,0,0; 1/2, 0,1/4; 1/2, 1/2, 1/2; 

0,1/2, 3/4 

4(E) 0, 0,1/2; 1/2, 0,3/4; l/2, 1/2,0; 

0 , 1 / 2 , 1/4 

x,y,z; 1/2 - x,y, l/4-z, 

x, y,z; 1/2 + x,y, l/4-z 

16(0) y,i,z; 1/2 + y,x, 1 / 4 +z 

y, x,z; 1/2 - y,S, l/4+z; 
plus eight 

similar points about l/2,l/2,l/2. 



55 


Tlie parameters of oxy /en determined 
accurately by neutron diffraction technique are x = 0.0328 
y = 0. 1436 ? z = 0.1261. 

The .80^ groups are nearly regular tetrahedra. 
J-'very phosphate group is linked to four neighbouring groups 
by hydrogen bonds.- The length of 0- Ii- 0 bond is about 
2.5 i. The hydrogen bond in the lattice is such that it 
links an oxygen belonging to an upper phosphate group to a 
neighbouring oxygen belonging to a lower phosphate group. 

' ach hydrogen bond lies very nearly perpendicular to the 
c-axis. In the paraelectric phase, the information about 
the location of hydrogen is given by neutron diffraction 
analysis which ; hows a peak of scattering density midway 
between thetwo oxygens linked by hydrogen bond. The peak 
is found elongated along the axis of the bond. Tnis fact 
may be explained either by raking the thermal amplitude of 
vibration of the hydrogen atom to be larger along the bond 
direction or by taking statistical distribution of hydrogen 
over two positions of equilibrium on the bond, ”hich are 
about 0.40 1 apart. The infra-red and Raman investigations 
indicate tne validity of the second interpretation. The 
structure of the unit cell of in the space group 

I ^2d is given in Pig. 4.1. 

In order to compare the Pdd system below 
the Ourie point with the tetragonal phase I 42d system. 



5f 
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it is convenient to introduce the alternative B 4<3.2 
representation of the tetragonal cell. This unit cell 
contains 3 molecules of KH^PO^. The dimensions for the 
unit cell in the P 4d2 (tetragonal) system are then 
a=h=lO. 43 2, c = 6.90 2 f while in the x ? dd (orthorhombic) 
system they are a = 10,53 2, b = 10. 44 2, c = 6.90 2. 

THEORY 

A tetravalent vanadium ion with outer 

electronic configuration 3d^ exists in a most stable form 
2 + 

as FO , the bonding of vanadium with oxygen being highly 
covalent. Ballhausen and G-ray' considering the 1CA0-M0 
description of this molecular ion in the complex FO^gO)^ 4 " 
have shown that an unpaired d-electron occupies a non- 
bonding b 0 type orbital (3d ) and thus the lowest state 

becomes a singlet state. Thus, for the 3d ^ state one can 
expect only one electronic transition. Because of magnetic 
interaction of the electron with the vanadium nucleus 
( 5 1 y ) with I = 7/2, the BPS spectrum shows eight 
characteristic hyperfine lines, 

2+ 

The BPB spectrum of FO ions in an axial 

p 

field can be described bjr the sp in-Hamiltonian 


Jf =s g 6H S + g, P(H s + H S ) + 
o lt r 2 z JL xx y y 

A I S + B(I S + I S ) 
z z xx v v 


with S = l/2 and I = 7/2. 


(4.1) 
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1 'e above Hamiltonian ^ives the resonance 

8 

mago otic ‘field, positions of the hyperfme lines 0 to second 
or ter in A and n as 


Mil-r 


• - Wl+D-mg] (4.2) 


.,2 


H = H 


. v 2^2 r2 

4il g si ^ 
0 ° 


2 -a 2 'i 2 ^ 2,. 2 

O . I 


(&- S X 


0 T - 2 2 -. 7-2 2 

2 H Q g p £ s 


2 2 2 
sin 0 cos 0mj 


where H = —g g 2 = g w 2 cos 2 e + g. 2 sin 2 e ? an -d 

0 gp n 

£ 2 s 2 = A 2 g^ 2 cos 2 e + b2 8jJ sin 2 e, being the angle between 
the Z-axis and the direction of the static magnetic field. 


S' .xSKIxiifJTAS PROGS DuRE 

Single crystals of potass iam dihydrogen 
phosphate with V0 2+ impurity ions were grown from the aqueous 
solution oi AImAIAR grade Ki)P salt containing 1 percent 
vanadyl sulphate by weight. A good quality crystal was 
chosen and cut for APR study. The dimensions of the cut 
crystal were 0.6x0. 3x0. 3 cm 3 . The crystal was slightly 
blue in colour indicating the presence of fO ion. ihe 
spectroscopic analysis of experimental crystal (carried 
out at the Spectroscopy Division? B.A.R.C.? Homo ay, India) 
revealed the presence of about 5^ part per million oi 
vanadium. The crystallographic axes of ^DP wore confirmed 
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by /i.-ro.y rotation picture taken -with a Veisenberg 
camera. 

The EPR spectrum was recorded on a Varian 
^-4502 spectrometer in the 1-ba.nd, by mounting the crystal 
on a two plane goniometer crystal holder. Dual rectangular 
cavity was used and the spectra were recorded on a dual 
strip-chart recorder. The magnetic field was produced by 
a 12-inch electromagnet and was modulated by a 100 kHz 
modulator. DPPH, g = 2.0036, was used as a field marker. 

The trequency of the klystron was measured with a Hewlett 
Packard frequency meter X-532B. 

RESULTS AND DISCUSSION 

Two spectra corresponding to two different 
kinds of centres are obtained. One of them which is pre- 
dominantly strong will he referred to as spectrum I while 
the other one wiiicn is of moderate intensity will be referred 
to as spectrum II. Fig. 4»2 shows the two spectra for H 
parallel to the c-axis of the crystal. Spectrum I shows an 
octet marked A^....Ag in the figure while spectrum II shows 
two octets marked a-^....ag and b^„„.„bg. There is a 
remarkable similarity between the features of spectrum II 
and those of the spectra corresponding to the axial vanadyl 

pentahydrate complex [T0(H 2 0)^J observed by Manoogian 

1 2 9 
and M a ckinnon and by Rao, Sastry and Venkatas war lu ’ J in 
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different kinds of alums. 


The intensities of the octet 

a ot the intensity 
o 


y o * 


...bg are more than those of a-, 
ratio beinj nearly 2 si. The lines a-^. . ..ag correspond 
to tie VO ions oriented along the c-axis of crystal 
while b-^o.o.bg correspond to those perpendicular to the 
c-axis-. In other words, a^. . . . ag may be called the 
parallel set (spectrum) (direction of ~V0^ + centres being 
parallel to II) while b^.-.bg may be called the perpen- 
dicular set (spectrum). As the number of VO centres 
will be twice for the perpendicular spectrum (X and Y 
direction) than those of parallel spectrum ( ^-direction) 
the intensity of the perpendicular set is expected to be 
twice t han that of the parallel spectrum. The X, Y and 
Z directions are the principal axes of the complex [V0(H 2 0)^] 
complex, the Z-direction approximately coinciding with the 
c— axis of the crystal. Spectrum II has oeen analysed 
using the appropriate spin-Hamiltonian as that used by 
Iianoogian et al^ and Eao et al [ Eq.s.' (4.1) and C-4..2) 

The constants obtained are given in Table 4.2 where tne 
corresponding data of the complex in different alums are 
also listed for comparison. 

further , evidence for perpenoicular and 
parallel sets for spectrum II comes from the splitting of 
perpendicular set into two when the direction of the 


2 + 



2 + 

Table 4.2 . Spin-Hamilt onian parameters Tor YO doped 


in alum lattices &nd in tLe 

parameters are in units of 

lattice of 
10" 4 cm" 4 . 

OP. 

Hyper fine 

lattices 

p* 

& it 


A 

~o 

Jj 

References 

RbAl alum 

1.932 

1.975 

132.2 

66.6 

1 

CsAl alum 

1.932 

1.979 

H 

U> 

V>3 

0 

65.7 

p 

1CA1 alum 

1.936 

1.977 

177 

63 

2 

ilil^Al alum 

' 1.940 

1.973 

• 176 

66 

2 

1'lAO alum 

1.939 

1.976 

174 

67 

9' 

A DP (Specty 
rum u I ) 

lw 9,2-2' 

1.-965 

173.5 

69-. 8 

Present work 

i<DP( Spect- 

V928 

1,966 

173.5 

72 

Present work 

rum II) 



_ 

P.-C -**V 
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magnetic tield is rotated by 10° from, the c-axis in the 
a c (do) plane. A comparison of Pig. 4.3(a) and 4.3(b) 
taken with H parallel to o (9= 0) and 0 = 10° respectively, 
shows this splitting. The split components are marked 
^l'? b^', ^ 2 " ei:c ” » in Pig. 4.3 (b). b^, b 2 etc., 

represent perpendicular set (spectrum) in Pi.,. 4.3(a). 

The parallel set (Pig. 4.3a) shows some structure and this 
becomes more clear when the direction of magnetic field 
becomes parallel to the a (b) axis (See Pig. 4.4). This 
indicates that the principal axes of the magnetic centres 
of this complex are not exactly parallel to the crystal 
axes, but are spread over a small angle about the crystal 
axes. However a more detailed study of spectrum II at 
different angles could not be taken up due to its overlap 
with the predominantly strong spectrum I for other 
orientation. 


As mentioned earlier, spectrum I shows strong 
set of eight lines (Pig. 4.2) when H is parallel to 

the c-axis of the crystal. The angular variation of the ■ 
spectrum and that of the hyperfine solittmg in the a c (or 
b c) plane arc shown in Pigs. 4.5 and 4.6 respectively. 

When the rotation of the magnetic field is carried out in 
the a c (be) plane (see i ? ig. 4.5) each hyperfine line of 
this set splits into a maximum of four components (Pig. 4.3(b) ), 
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/.ixle it splits into two components only when the field 
io parallel uo the a (h) axis. In an arbitrary direction 
each component further splits into two making a total of 
eLgnt. i'he spectrum shows a maximum spread when E makes 
an c.n gle of about 20 with the c— axis of crystal in the a to 
(o c ) plane (see figs. 4 . S? 4.6 and 4.10). These observation 
sug^escs bhat the orientation of vanadyl complex formed 
is such that it has four pairs of syrm ietry— related sites 
with their 2.~axes lying along the surface of a cone making 
an angle o" about 20° with the crystallographic c~axis. 
Member of’ each pair are equivalent for orientation of the 
magnetic field in the ac(or be) planes, further two of the 
four pairs become one equivalent set while the other two 
form anotner equivalent set when the magnetic field is along 
the a (or b) axis. All the four pairs becomes eqiiivalent 
when the magnetic field is parallel to the c axis. 

The observation suggest further that the 2s- axis 

is in the ac (or be) plane making an an :le of about 20° with 

the c-axis. This behaviour can be explained if one assumes 
2 + 

that vO enters the lattice at an interestitial site where 
the position of tour oxygens is congenial for the formation 
of a nearly square pyramidal vanadyl complex in which 
vanadyl is known to exist such as in vanadyl acetyl 
acetonate. 11 The structure oi vanadyl acetyl acetonate 
is shown in fi 4-7, for illustration. The projection 
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of in the ab plane (Fig. 4.3) shoves four oxygens, 

numbered 1,2,3, 4 lying nearly in a plane with its normal 

making an angle of about 40° with the c-axis. However, 

2 + 

when VO ion enters the lattice forming a eomolex with 
those oxygens, the complex seems to get stabilized such 
that 7=0 bond mates an angle of 20° with the c~axis as 
observed. The positions of the four oxygen atoms more 
likely f.orm a rectangle making the complex a non axial one. 
Thus the rhombic components may probably be responsible 
for the observed doubling of the lines, making them eight, 
when the erjrstal is rotated such that the magnetic field 
is out of Ihe ab plane. A model of the orientation of 
Z~a*. is is shown in Fig. 4.9- The 'spectrum has been 
nnil/sed using the expressions given in equation (4.2) 
no ironriate to axial symmetry and the parameters obtained 
aro give n below* 

g (1 = 1.922 ± j ODl 
g. = 1.963 + ,©01 

JL 

A = (178.5 ± 2. 5 )x lO'^cm" 1 

13 = (69.3 + 3)x 10-^cm" 1 

The angular dependence of hyperfine constants 
is shown in rig. 4.10. The points are experimental points 
and the curve is & theoretical one, calculaoeci using tne 




-Hw i 
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constants given above and tile expression (.4.'2). It may 
be mentioned that .6 and g^ values are somewhat 
approximate in view of the observed non axial nature of 
complex. 

In conclusion, it may be mentioned that in 
most of the investigations of 70^*" in variety of lattices 

p-4- 

reported in literature show that VO does not enter the 
lattice as a point defect but it forms a complex, the 
formation of which is helped and stabilized by the 
structure of the host lattice. It is well known that 

vanadyl ion exists as [VO(H,jO),-J complex in water 
solutions and in a number of hydrated salts such as vanadyl 
sulphate. It is probably the most well understood complex 
involving the vanadyl ion. However, it is interesting to 
note the formation of this complex in HIP single crystal. 
Ordered intercrystallization of two different types of 
structures is well know and it has recently been reported by 
Sastry 10 in the PPH study of Pd doped HE^Cl single crystal. 
Thus, during the process of crystallization of EDP from 
water solution. containing the 7Cr impurity, [V0(H 2 0)^j 
complex gets probably, trapped in the crystal and there 
is an ordered intercrystallization of this complex, though 
small in concentration, in HDP crystal. 
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CHAPTER 5 


ELECTROI PiUIAl-LAilVLTIC RLSGIAPCB OB 0r 5+ IGK II 
TIA1(S0 4 ) 2 . 12 H 2 u SINGLE CRYSTAL 


ABSTRACT 

3 + 

The electron paramagnetic resonance of Cr 

ion in TlAlCSO^^. 12H 2 0 single crystals has been studied 

3+ 

at room temperature. Cr impurity ion seems to have 
3+ 

replaced A1 ion in the crystal lattice. Pour direction- 

ally different, otherwise, similar magnetic centers are 

3+ ' 

found. The site symmetry at Cr has been found to be 
trigonal with the principal Z aiis along crystallographic 
<111> amis. Using the spin Hamiltonian appropriate to 
trigonal symnetr relevant parameters have been calculated. 
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UmODJCTIGU 

'The study of electron par ama.gn e t i c resonance 

oi Or Ions with varied concentrations in single crystals of 

alums has drawn considerable attention. The work of Bagguley 

and Griffiths'^ on K, Rb, Cs , and chromic sulphate 

alums at room temperature reveals the existence of four 

magnetically non- equivalent, otherwise similar, complexes 

subjected to a small trigonally distorted octahedral crystal 

p 

field. Further, the work of Danilov and Manoogian and that 

of Manoogian and Danilov in similar host lattices but 
3+ 

containing Cr in diluted amount demonstrates similar 

magnetic centers in trigonally distorted crystal field of 

octahedral symmetry. The present chapter describes the result 

of an DPR study of Cr^ + ion in T1A1 ( SO^) 2 * 12^0 single 

crystals. It may be mentioned that the work of Manoogian and 

leclerc^ on the temperature variation of the D parameter in 
3+ 

Cr v doped alums appeared after the present work was 
completed. However, thejr have reported only the D value for 
Or^ + in T1A1 sulphate alum at 77°H, 195°M and 297°U and no 

other details of the DPR work on this system are given. 

THE STRUCTURE OP AIMS 

The alums are a series of double salts for 
which the general formula may be expressed as 
K I M II ( r.u^) 2 » 12H 2 0, in which M 1 and M 11 are monovalent 
and trivalent cations respectively and R stands for sulphur, 
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selenium or tellurium,'* The structure and classification 

of alums have been studied by lips on and Beevers^ and 

Lips on. The crystals belong to a cubic system and possess 

point group symmetry = (2/m) 3 and space group T^ 

3 

(Pa 3). There are four molecules in the unit cell. The 
nearest neighbours of monovalent and trivalent cations are 
six water molecules and they constitute octahedrons. The 
octahedron about the monovalent cation is somewhat distorted 
whereas the one about the trivalent cation is nearly regular. 

The alums are classified as a, P or y depending 
on the differences in the arrangement of atoms, molecules 
or ions. In the a type alums, the < 111> axes of the water 
octahedron surrounding the trivalent cation coincide with 
the <111> axes of the crystal, but the cubic axes of water 
octahedron are displaced from the cubic axes of crystal 
by a rotation of 9.5° about the <111> direction of the 
crystal. There is a small trigonal distortion along the 
crystallographic <111> direction. The an_<,le of rotation 
in tne p type alum is 0® and in the y type alum it is about 
40°, 5 Bor the y type alum the sulphate groups are 
oriented in opposite directions along the crystallographic 
body diagonal. 

lips on 7 postulated that the size of the 
monovalent cation determines the type of alums. 


A medium 



30 


..size cation is responsible for & type altm, larger- size for 
P type alum air" sma?.! size for y tyre 'In*'. Though the 


mas 


-f- 

number of j'l is high t]ie ionic radios of T1 is 


o 


equal J bo that of Rb 


l pe ri ' 


+ 


Thus T1A1 alum. belongs to a 
Tiie size of the trivalent cation also 
dei sr-inur; the type of alum. ” J The edge of its unit 
cell is 12. 2J2£. 
mXPwl J. /i.-ilTAl PhOOrDUilb 

Single crystals of thallium aluu.iniam alum 
dop. (' with 0r" >+ ions Here yrot’ii at r 001 te perature by slow 
evaporation of Li -e aqueous solution of xiiallium sulphate 
and .xluMinx’iin srluhate taken in stoichiometric ratio 
coxiiai uny suall a- ount of chronic sulphate. The crystals 
were . ound to grow with well defined ( 111) planes in the 
ifj'Ui.i habit of other alu. 03 ." - ^ The erysrai tameA for fcne 

<-,i idy was bears oarer and colourless with 0. ~[x0, 6^0 . 0 
cr" ; dimension. 

f h e electron our am-- uctic resom nee speculum 
was recorded on a Parian f-4502 ..-baud spectrometer using 
a oplLrdriCcil cavity, a 12 inch electrovagreii and 100 khz 
modulation. The frequency of klystron was measured with 
a h e wl ~ t 'c ~ Pa c kar C frequency meter H-532 3. RPPH, for which 
= 2.0036, was used as field marker. 
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3+ 

Or ion has a 3d'' configuration anc its 
ground state is V. This state has a stcen-fold orbital 
degeneracy anc 1 a i our— fold spin degeneracy. In the 
presence o £ a erys fcalline Held ox octane ral symmetry the 
orbital de 0 eneracy is partially lifted nud the resulting 


orbital state; 


O CiX C C- O 


ingle t To ste.be ah triply 


degenerate r . and r_ states 
4 c 


1 nly 0 e; ■, r,n er a t e 


states lie several t non sard T *rav~e numbe-rs s cove the 
state. The state of our interest is r 2 uhich has four— 
-‘old spin degeneracy. This spin degex.uracy cannot be 
lifted by spin orbit coupling alone. In the presence of 
snail anal distortion, the four- - : old spin d e generacy is 


cart tally removed leaving t* r o Tracers 1 doiblr 


birther, 


the application of ragn^cie fielc' car remove the degeneracy 


of tie Kramers’ double : 


T..is is shown m i* 1 


j # 3_ « All 


:lie Zeeman coruponuits b “lou. ^iiip to ^ 0 sxate are appreciably 


populated at roo ,! re roeratrre as per rue 


Joltzman ? s 


die L rib ut 1011 lav. The ener-p ^aps at moderate fields 
are comparable to rue ni^rowave frequency used. Therefore, 
three absorption signals for transition bexjeen these 


b cares unc.er 


the i election rule All = + 3. can be 


observed, here, t&hes values +3/2, +3-/2? -l/2, a --a 

o 

-3/2. The spectrum, so obtained, constitute.:: fine 
structure. A further splitting ox fine scrueoure can 
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r 


/ 
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/ 


/ 


Free ion 




Ox 

\ X 

\ 

\ 


s, 


N. 


F7 


r 5 


\ 



-plus -trigonal symmetry, the zero field splitting 
gives two kramers' doublets. ERR transitions 
AM S =±1 between Zeeman levels are indicated by arrows. 
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result if the nucleus has a nonvanis hin g spin. There 


are two mam icDTc.es 01 chr omur . 




v-/X V 


( I = 0) has 


natural abundance 

of 34 percent and 

0 

O jL 

(i = 3 / 2 ) 

of 

3 . 3 percent . Ine 

isotope ''mr (I = 

= 3/2) 

is eupec 

ted to 

give h/por me spl 

.it tin;;. However, 

in t i 

e present 

s fcudy 


no hyper fine s pliitin^ was ob erred. This right be due 
to wear: intensity end close split tin, of the Iiyperfme 


~ Vr r> 


c oia n clients whicn seem to na/e ueen aamccc. 


the fine 


CT 3 


s true true line of the more abuiica.nl 

3 + 

The appropriate spin Hamiltonian for Gr 
ion in a trigonally distorted octahedral field of host 
lattice, sub jeered to a erternal magnetic field is given*" 
^ oio-r - 




f g, h(B., 3 +T r S v i + (l/3) S( d+I) j 


cr ] j Jj J 
2 J 


^JL 


-■11 e cic field is oriented parallel to the In- 


direction, Then 


#= ^ y H ,3 r . + D[3^ -(1/1 3(3 + 1)]. The eigenstates 
are |+ 3/2 > and j + l/2 > . tie eigei values of the 

i " ! 

above Hamiltonian are 

- + 3/2 g () ? =■ + B, t 1/2 S' || P U - 3 
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Tlis fide 1 , positions o; various tr&nsirxon an der the 
selection mile 4Sw ' = +] , a re ci'-un be- low. 


‘“1 


n 3 


O 

CjJ 


E 2L 
o 


where D is expressed, m gauss and rl stands for --—-s . 

o ^u* 3 


ESSU1T3 A'hQ DISCUSSION 


file E2H snectrum of 


, 0 + 


xo ii in a single 


crystal of TlAlCbO^^. 12 was recorded at room temperature 
aijo ifcs angular variation has been studied in tne crystallo- 
, graphic (llO) and (ill) planes and is shown in P i',s.5*2 
and 5.3 respectively. He planes of the -rystal were 
identified from rhe usual .growth habits an-" morphology 


of alums. 


IS 


Ths angular variation of line positions is 


quite si mi fir do fch.es e obtained bn.', lov and nanoogian 
in Rbda arc' Cola alums. It is found tnar there are four 
s.i. -liar oat directionally o afferent ns nctic completes 
for 0r' >+ ion in Till alums, each bein, reswonsible for 
three nPR tran • i Lions under tne select j on rule Ab g = +1. 
Transitions from four complexes are idenfcidied -ith E in 
( 111) plane and are marked I, II, HI and If and are 
snown in Pig. 5-3. There are, some more lines of weak 
inteir ity towards the low field side. ne'e lines seem 






435 0 



Angle in degrees 


to be f orbifib en ones 
magnetic field -rz. z d 
lattice, the spectra 
ma ■ • u o l. j c riel cl a 1 ong 
is shown i:a fig. 5.4 
that of Ur 5+ ion in 


. vJlien the angular variation of the 

one in the (110) plane oc the crystal 

, A had shown a maximum spread with 

the <111> direction. This spectrau 

. It is in qualitative agreement with 

1 6 

ammonium chromium alum. The 


spectra." coalesces when the 

the < 1 Ou > direction. This 
2 

(3 oufj 9 - l) type variati 


• •sgnetic field is parallel to 

is in agreement TT ith the expects 

3 + 

on, indicatin r that Cr ion 


is at 


(in ) 

re os i.i 


on axially" distorted site in the lattice.. 

The angular variation of the spectrum in the 

j 

plane of crystal lattice revealed peneec ou 
.tion of the I ; PR spec ’era as in Cr^ doped gallium 


? . , 
alums. ’ This is in com ores it; 

symmetry in the system and it 

od toe T1A1 alum vs also cubic 

about the <111> direction, ''-ah 

trigonal one. Iron the <•_. o tila 

plane (see dig. 5-3) it is cle 

throe liras ■ ’hich is eng rlar t 


-i ,-ith the existence ot 


appears that the structure 
with some local distortion 
:in , t ho local symmetry a 
,r varlc Mon in the (ill) 

;ar that there is a set of 
;:r e pendent . The s eparation 


between tue extreme lincc o: t .ids set is nearly halt 
the separation hot' een tie extreme lines (parallel spectra 
obtained when H is parallel to <111> direction. This 
i.i eat iS that this angular ind.e pendent set is the pei pen— 
dicular ( X/Y ) spectrum, from the parallel *-.nd the 
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perpendicular spectra the g , g and D values have been 
calculated. The values are given below 

g,. = 1.976 + -004, g^ = 1.972 + 0.004 
3 = (579 + 5) x 10" 4 cm" 1 

The experimental and theoretical angular variation of the 
fine structure of 0r^ + ion at one of its sites in 
T1A1(S0 4 ) 2 .12H 2 0 is shown in Fig. 5.5. The theoretical 
expressions 4 ^ for the fine structure line positions are 
used after appropriate modification. 

The temperature variation of D parameter of 
Cr 5+ ions in a series of hydrated salts reported by 
Manoogian et al 4 shows that in the case of T1A1 alum its 
value is 683 ± 5 x 10“ 4 cm -1 at room temperature, which 
is close to (679 ± 5) x 10~ 4 cm -1 , from the present 
experiment. 

The origin of trigonal distortion is probably 

22 

due to the effect of ligand around the magnetic ion. 

In a type alums, keeping trivalent cation to be the 
same, we can correlate to some extend as shorn in Table 
5.1 the ionic radii of monovalent cations with the 
magnitude ox the D parameter of the or ion. This 
table shows that the value of the D parameter increases 
with the increase of ionic radius of the monovalent 



Theoretical curves 
Experimental positions 
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•tion. It thus looks plans ills as pointed out bj 


iJa.iii.Lov and iianoovian 


;her considerations that the 


size deter lines tie diet' 


six water raolecux? 


; oordinat.ee. to it and also the distribution of the 


sulphate groups 


e aituao! 


c f t h e s e wa ter 


molecules and sulphate groups might influence the donation 
of trigonal distortion at the t rival ent site of the 


magnet xc ion. 



93 


■ . 01 3 


2, 

S, 


7. 

3. 

9. 

10, 

11 . 

12. 

13» 

K. 


I. - . 3'. la. ale’ 7 arc' J. 1. r. 2-riff itue , Proc. Roy, 
So:, (lender) 1204, 133 (1T30). 


L ‘ v i CP l' , 't ~ # r , , op! A -- ~\r\ 

lo J-'V. Ri.i 1 k , 1 G. JL --C ,iu , 


'oo., ran 


1. 1. -.cM-XlOV, 


(1770), 

_a. -.anco'-: 
(1575). 


21 -s. Rev. 35, 4097 (1372) 
PhyS . _4^, 1443 


,1 ~ v, 

O O/ -1 ® <2 o 


and A. led 


lien. Pbys. .63, 4450 


J. cork, 2b. ll. 1*13. j. 4? 533 (1527). 

H. lies on and 0. R. 5c-evsi r , , ?roe. Roy. Soc, (London) 
414-3, 564 (1935). 

E. Lino on, Proc. Roy. 00c. (Lend 0:1) A 151 . 347 (1935). 

i. 7. >. Wyokofi , Kill. ... 3, 1, 21 (1927). 

E&nd_j4ock-. of Oh grai gtrov o nd Phys ics ( 56th edition 

1:273 -7*5) OkSia. Rubber Oo. , Press, Cle T ’3land, Olio, 
p. 205% 21u. 

7. 3. liaussuhl, Z. Rrxst. 115, 371 (l56l). 

A. H. 0. ledsbar: and rl. Steeple, Acta Cryrt. L 24 . 123 
(1563). 


A. ia. 3 < 
(1963). 


ledsra' 1 and P. Steeple, Aota Jryst. 12.4 , 32C 


E. ?. iCLa ’ and 
(1940). 


4 r>. ~p- ~i~ -«'■> J [\ -v ,r a 

IL ^ L fcp — •> ^ o kx. -I * - • 


OiJ o « 


Soc, 62, 2071 


' i .-r ‘rnff. Orvntal Stracxure (Pd. 2nd) 


Ralph, 7.3-o, "ycnoid, 

Inrr.rscionoe Publishers 01 60), A Division of John 
Jiley an'" Sous, heu Tori:, 


15. H. Lips on, Plil. Raj. IQ, 337 (1935). 



94 


13 . 


A. Abra^n 

r -n ^ T 3 . V 1 

ear 

iey. 

f ~ 1 /so-'*-"* 
— 1 J -0 O j- 

q;i , 2 s 

rani i nietic 

O. 

nanc e 

01a XPCliio X <-> X 

on . 

Ions 1 

(Clare 

nd on 

Press, 

Oxf o 

rd 19 

70) p. 152. 






J a X 

o Dav 

-I c, ?~f\ ^ x , o ^ J* 

2 . 

> tra: 

rdb er j, 

Phy 

s. lev. 

105,s 

447 

(1957). 






X' a 15 

O -i» C 

Ooo’j and d 

J. 

is q - 

Jdi-a O-i 

icl s J* 

PilJC 

'.(Solid State 

1 . 

^ r <-t- 

11974). 








